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1 .        Executive  Summary 

Ground-level  ozone  is  a  serious  air-quality  problem  in  Ontario.  The  Windsor-Quebec 
corridor  is  particularly  of  concern  and  this  area  is  designated  as  one  of  Canada's  three 
ozone  non-attainment  areas.  Ground-level  ozone  causes  human  health  problems  due  to 
respiratory  illness,  and  damages  agricultural  crops  and  vegetation.  This  damage  to  crops 
in  Ontario  is  estimated  annually  at  $70  million. 

Ground-level  ozone  forms  when  nitrogen  oxides  (NOx)  and  volatile  organic  compounds 
(VOCs),  from  industrial,  automobiles  and  other  sources,  react  with  sunlight.  Nitrogen  oxides 
also  contribute  to  the  formation  of  acid  rain. 

The  combustion  of  fossil  fuels  is  a  primary  source  of  NOx.  Anthropogenic  VOCs  are 
released  during  the  combustion  of  gasoline  and  wood,  from  various  industrial  processes, 
and  from  the  evaporation  of  liquid  fuels,  solvents  and  organic  chemicals.  Natural  sources 
such  as  forests  also  are  significant  sources  of  VOCs. 

Emissions  of  NOx  and  VOCs  from  anthropogenic  sources  in  Ontario  in  1994  exceeded 
520  and  860  kilotonnes  respectively.  Approximately  one-fourth  of  the  NOx  is  emitted  from 
industrial  and  commercial  sources.  Vehicles  are  the  source  of  over  sixty  per  cent  of  the 
emissions  of  NOx.  Less  than  ten  per  cent  is  from  power  generation. 

Government  has  called  for  emissions  of  NOx  and  VOC  in  ozone  non-attainment  areas  to 
be  substantially  reduced.  Guidelines  for  national  and  provincial  emissions  of  NOx  are 
currently  being  developed  for  stationary  combustion  sources  including  industrial  processes. 
The  implementation  plan  in  Ontario  to  achieve  the  lower  emissions  of  NOx  from  industrial 
and  commercial  stationary  sources  will  probably  consist  of  a  blend  of  non-regulatory 
measures.  A  key  goal  of  this  Ontario  Smog  Plan  is  to  reduce  emissions  in  the  year  201 5 
of  both  NOx  and  VOCs  by  45  per  cent  from  their  1 990  levels. 

This  report  discusses  the  status  of  low-NOx,  high-efficiency  combustion  technologies  for 
stationary  applications  in  the  industrial  and  commercial  sectors.  Such  common  combustion 
control  techniques  include  low  excess  air  (LEA),  low-NOx  burners  and  flue-gas  recirculation 
(FGR).  All  of  these  techniques  aim  to  achieve  one  or  more  of  the  following  goals:  reduce 
the  available  oxygen  at  critical  stages  of  combustion;  lower  the  peak  flame  temperature; 
and  reduce  the  residence  time  during  which  oxidation  of  nitrogen  takes  place.  Examples 
are  given  of  potential  opportunities  to  cost-effectively  reduce  emissions  of  NOx  from 
industry  by  at  least  2,000  tonnes  per  year  within  ten  years. 

High-temperature  process  applications  offer  attractive  opportunities  to  achieve  part  of  the 
desired  reduction  of  NOx  in  Ontario.  Advanced  low-NOx,  high-efficiency  combustion 
technologies  and  process-control  systems  can  considerably  enhance  fuel  economy  and 
reduce  the  emission  of  pollutants  from  high-temperature  process  applications. 
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The  report  also  highlights  areas  which  require  further  technology  development  and  it 
estimates  the  benefits  that  can  be  expected  for  Ontario  from  the  successful  development 
and  commercialization  of  advanced  combustion  systems.  The  report  does  not  cover 
technology  for  electric-power  generation. 

Current  barriers  to  the  introduction  of  new  technologies  to  control  NOx  are  considerable. 
In  addition  to  financial  hurdles,  other  significant  barriers  to  effectively  achieving  proposed 
reduction  targets  for  emissions  of  NOx  include: 

■  lack  of  information  on  advanced  and  emerging  NOx  -  control  technologies, 
including  their  economics  and  well-documented  case  studies; 

■  lack  of  in-house  expertise  in  the  area  of  emissions  control;  and 

■  lack  of  awareness  and  the  benefits  of  possible  technologies  for  resource 
conservation. 

The  study  concludes  that  significant  opportunities  exist  in  certain  sectors  of  Ontario 
industry  for  the  cost-effective  application  of  these  advanced  technologies.  Improvements 
in  these  industrial  process  applications  can  boost  environmental  performance,  reduce 
energy  consumption  and  sometimes  resource  use,  and  cut  costs. 

Stakeholders  and  other  participants  in  plant  trials  of  such  new  combustion  technologies  can 
help  speed  up  the  replication  in  Ontario  of  these  systems  in  a  number  of  ways,  including 
by: 

■  providing  realistic  and  complete  information  on  the  technologies,  including  well- 
documented  case  studies  and  economics  of  their  performance;  and 

■  identifying  opportunities  for  their  application  in  Ontario. 


2.        Introduction 

Ground-level  ozone  which  is  a  major  component  of  urban  smog  is  a  serious  air-quality 
problem  in  Ontario.  Smog  is  closely  linked  to  problems  such  as  acid  rain,  climate  change, 
human  health  and  ozone  depletion  [4,  5,  6]. 

Ground-level  ozone  is  formed  when  nitrogen  oxides  (NOx)  and  volatile  organic  compounds 
(VOCs)  react  in  the  presence  of  sunlight.  NOx  which  also  contributes  to  the  formation  of 
acid  rain  is  produced  during  the  combustion  of  fossil  fuels  in  vehicles  and  stationary 
sources  such  as  industrial  boilers,  furnaces  and  power  plants. 

The  industrial  and  commercial  sectors  in  Ontario  annually  produce  an  estimated  129 
kilotonnes  of  NOx,  about  25  per  cent  of  the  total  emissions  from  the  province.  This  amount 
is  projected  to  grow  by  more  than  60  per  cent  by  the  year  2015  if  no  measures  to  reduce 
NOx  are  taken  [4]. 

Canada  has  made  a  number  of  international  commitments  to  control  or  reduce  its 
emissions  of  NOx,  VOCs  and  greenhouse  gases.  These  obligations  include: 

■  the  1992  Rio  Accord  which  commits  Canada  to  develop  a  program  to  control  its 
emissions  of  greenhouse  gases,  with  a  target  to  stabilize  emissions  of  carbon 
dioxide  at  their  1990  level  by  the  year  2000; 

■  a  NOx  Protocol,  signed  on  October  31 ,  1 988,  which  called  for  several  measures 
including  a  freeze  in  Canadian  emissions  of  NOx  at  their  1987  level  by  the  end 
of  1994; 

■  the  Convention  on  Transboundary  Air  Pollution,  signed  by  Canada  in  1979,  which 
demands  that  there  should  be  no  increase  in  the  flow  of  pollutants  such  as  NOx 
and  VOCs  from  Canada  into  areas  of  the  U.S.  where  NOx/VOCs-related 
problems  are  already  known  to  exist.  This  means  that  no  increase  can  occur  in 
emissions  of  NOx  and  VOCs  from  the  Windsor-Quebec  corridor;  and 

■  the  1991  Canada-U.S.  Air  Quality  Agreement  [20]. 

The  Canadian  Council  of  Ministers  of  the  Environment  (CCME)  has  directed  the 
development  of  emissions  guidelines  for  NOx  and  VOC  in  Canada  [1]  and  it  issued  its 
"NOx/VOCs  Management  Plan,  Phase  I"  in  1990. 

The  goal  of  the  CCME  Management  Plan  is  to  reduce  all  ground-level  ozone  episodes  in 
Canada  to  less  than  82  ppb  by  the  year  2005.  To  achieve  this  goal,  peak  ozone 
concentrations  in  the  main  problem  areas  will  need  to  be  reduced  from  current  levels  by  25 
to  40  per  cent.  This  means  that  NOx  and  VOCs  must  be  reduced  by  as  much  as  50  to  75 
per  cent. 

The  Phase  1  of  the  Management  Plan  combines  new  source  performance  standards  which 
are  based  on  the  best  available  technology  economically  achievable,  energy  conservation 
and  efficiency  measures,  measures  to  reduce  emissions  from  products  containing  solvents, 
and  public  education. 
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This  report  discusses  the  status  of  low-NOx,  high-efficiency  combustion  technologies  for 
stationary  applications  in  the  industrial  and  commercial  sectors,  but  it  does  not  cover 
technology  for  electric  power  generation.  Areas  which  require  further  technology 
development  also  are  highlighted. 


3.       Ontario's  NOx  and  VOC  Emissions  and  Energy  Use 

3.1       NOx  and  VOC  Emissions 

NOx  is  released  primarily  during  the  combustion  of  fossil  fuels  such  as  gasoline,  diesel  fuel, 
heavy  fuel  oil,  natural  gas  and  coal.  This  combustion  takes  place  in  cars  and  trucks  and  in 
stationary  applications  such  as  commercial  and  industrial  boilers  and  furnaces,  power 
plants,  and  other  facilities  that  bum  fossil  fuel  such  as  to  heat  residential  buildings. 

Anthropogenic  VOCs  are  released  during  the  combustion  of  gasoline  and  wood,  from 
various  industrial  processes  and  from  the  evaporation  of  liquid  fuels,  solvents  and  organic 
chemicals.  However  natural  sources  such  as  forests  may  be  even  more  significant  sources 
of  VOCs.  Even  if  manmade  VOCs  are  virtually  eliminated,  NOx  can  still  react  with  these 
naturally  occurring  VOCs  to  produce  ozone.  Reducing  NOx  is  thus  the  key  to  reducing 
ozone. 

A  wide  variety  of  furnaces  are  used  in  the  industrial  and  commercial  sectors  to  bum  fuel 
and  produce  heat  to: 

■  provide  heat  for  a  process 

■  power  a  machine 

■  promote  a  chemical  reaction 

■  provide  space  heating 

Boilers  are  the  most  common  type  of  furnace.  There  also  are  a  large  variety  of  industrial 
furnaces  and  heaters  that  transfer  heat  directly  to  a  process  instead  of  indirectly  using 
steam  or  water.  Both  boilers  and  industrial  heaters  and  furnaces  bum  fuel  and  emit  nitrogen 
oxides,  carbon  monoxide,  carbon  dioxide  and  trace  quantities  of  other  pollutants. 

Emissions  of  NOx  and  VOCs  in  Ontario  in  1994  were  more  than  520  and  860  kilotonnes 
respectively  [1,2].  This  includes  NOx  and  VOCs  which  are  generated  from  internal 
combustion  and  jet  engines,  and  from  residential,  commercial  and  industrial  combustion 
systems.  Over  sixty  per  cent  of  these  emissions  of  NOx  are  from  vehicles,  approximately 
one-fourth  is  from  stationary  sources  in  the  industrial  and  commercial  sectors,  and  less  than 
ten  per  cent  is  from  power  generation. 


There  are  between  100,000  and  250,000  industrial  and  commercial  sources  of  NOx  in 
Ontario  [7].  Emissions  from  these  sources  are  estimated  annually  to  be  129,000  tonnes, 
The  contribution  from  different  sectors  is  as  follows  [2,7,25]: 

■  Cement  and  concrete  -  6% 

■  Copper  and  nickel  production     -  8% 

■  Commercial/Institutional  -  8% 

■  Iron  and  steel  production  -  19% 

■  Petroleum  refining  -  12% 

■  Pulp  and  paper  -  8% 

■  Miscellaneous  industry  -  39% 

The  NOx/VOCs  Management  Plan  (Phase  I)  proposed  by  the  CCME  calls  for  emissions 
nationally  of  NOx  and  VOCs  to  be  reduced  respectively  by  1 1  and  1 6  per  cent.  For  the 
more  serious  ozone  non-attainment  areas  such  as  the  Windsor-Quebec  corridor,  emissions 
will  need  to  be  reduced  by  as  much  as  50  to  75  percent. 

Guidelines  for  Canadian  and  provincial  NOx  emissions  are  being  developed  for  stationary 
combustion  sources  including  industrial  processes  [8].  Federal  guidelines  are  anticipated 
by  the  end  of  1997. 

The  implementation  plan  to  achieve  lower  emissions  of  NOx  from  industrial  and  commercial 
stationary  sources  in  Ontario  will  probably  consist  of  a  blend  of  non-regulatory  measures 
[7],  including: 

■  annual  targets  to  reduce  emissions  of  NOx  from  for  the  major  sources; 

■  CSA-type  design  standards  to  link  up  with  existing  design  standards  for  new 
off-the-shelf  boilers  (such  as  package  boilers);  and 

■  an  inspection  and  maintenance  program  for  all  existing  boilers. 

All  requirements  of  the  provincial  plan  are  being  developed  through  a  multi-stakeholder 
process  which  involves  governments,  industry  and  environmentalists  working  together  to 
select  consistent  and  cost-effective  measures.  A  key  goal  of  the  Ontario  Smog  Plan  will  be 
to  reduce  emissions  in  the  year  201 5  of  both  NOx  and  VOCs  by  45  per  cent  from  their  1 990 
level. 

NOx  related  legislation  in  North  America  and  Europe  is  driven  by  different  environmental 
concerns.  The  main  goal  in  Canada  and  the  USA  is  to  improve  ambient-air  quality  and 
reduce  ground-level  ozone  while  in  Europe  the  primary  objective  is  to  reduce  acid  rain. 

Carbon  monoxide  (CO)  is  a  poisonous  gas  and  an  air  pollutant  which  is  produced  due  to 
the  incomplete  combustion  of  fossil  fuels.  Annual  emissions  in  Ontario  of  carbon  monoxide 
(CO)  exceed  3,100  kilotonnes  [2,25].  The  transportation  sector  accounts  for  67  per  cent  of 
these  emissions.  Metal  processing  is  a  secondary  source  (21  per  cent)  while  the  balance 
of  the  CO  is  emitted  from  space  heating  and  other  industrial  processes. 
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3.2      Ontario's  Energy  Use 

Combustion  of  fossil  fuels  such  as  gasoline,  diesel  fuel,  heavy  fuel  oil,  natural  gas,  and  coal 
produces  most  of  the  emissions  of  NOx  in  Ontario.  This  is  also  the  source  of  almost  all  of 
the  emissions  of  carbon  monoxide,  and  some  of  the  VOCs.  Ontario's  fossil-fuel 
consumption  will  continue  to  increase  over  the  next  10-20  years  due  to  economic 
expansion. 

The  estimated  provincial  end-use  energy  demand  was  2,343  petajoules  (PJ)  in  1994. 
Ontario's  industrial  sector  is  the  largest  energy  consumer  [10,1 1].  Ontario's  estimated  total 
industrial  energy  use  was  about  786  PJ  in  1994.  Industrial  natural  gas,  coal  and  oil 
consumption,  at  320  PJ,  155  PJ  and  81  PJ,  represented  about  71%  of  the  total  industrial 
energy  use  [11].  Electricity  consumption  amounted  to  153  PJ. 


ONTA 

RIG'S  EN 

ERGY  DEMAND  IN  1994,PJ 

Natural 

Total 

Natural 

Gas 

for 

Sector 

Oil 

Gas 

Liquids 

Coal 

Sector 

Industrial 

81 

320 

15 

155 

786 

Commercial 

16 

169 

6 

~ 

337 

Residential 

48 

326 

3 

~ 

563 

Transportation 

643 

1 

11 

~ 

656 

Total 

788 

816 

35 

155 

2343 

Total  provincial  electricity  used  in  the  above  four  sectors  was  454  PJ.  The  balance  of 
Ontario's  end-use  energy  (95  PJ)  included  wood,  woodwaste,  and  spent  pulping  liquor. 
(Note:  1PJ=  1  million  GJ;  1GJ=  0.95  million  BTU) 


4.       NOx  Emission  Reduction 

4.1       NOx  Formation 

Nitrous  oxides,  or  NOx,  generally  refers  to  nitric  oxide  (NO)  and  nitrogen  dioxide  (N02).  It 
is  formed  in  three  ways: 

■         when  nitrogen  in  the  fuel  combines  with  oxygen  in  combustion  air  (fuel  NOx); 


■  when  fuel  hydrocarbons  break  down  and  recombine  with  atmospheric 
nitrogen  (prompt  NOx);  and 

■  when  intense  heat  causes  atmospheric  nitrogen  and  oxygen  to  combine 
(thermal  NOx). 

The  amount  of  NOx  which  is  emitted  by  industrial  and  commercial  combustion  systems 
depends  mainly  on  the  flame  temperature,  hot-gas  residence  time,  excess  air  level,  and 
operating  temperature  of  the  system.  The  production  of  thermal  NOx  increases  with  flame 
temperature.  The  amount  of  NOx  formed  can  thus  be  substantially  reduced  if  the  flame 
temperature  is  held  below  1500°C.  Prompt  NOx  generally  contributes  only  a  small  amount 
of  the  total  NOx  which  is  produced  during  combustion  and  it  is  of  concern  only  in  some  low- 
temperature  processes.  Prompt  NOx  does  become  critical  when  single  digit  levels  of  NOx 
levels  are  required.  Fuel-bound  NOx  is  not  a  concern  in  the  combustion  of  clean  fuels  such 
as  natural  gas. 

Uncontrolled  emissions  of  NOx  from  industrial  boilers  currently  range  from  75  to  300  ppm. 
In  the  Los  Angeles  area,  NOx  emissions  from  existing  boilers  have  been  limited  to  30  to  40 
ppm  while  new  boilers  may  be  limited  to  emissions  of  NOx  as  low  as  9  ppm.  Such 
regulations  are  likely  indicative  of  future  trends  in  the  U.S.  [12].  New  programs  which  give 
credits  or  offsets  for  NOx-emission  levels  below  regulated  limits,  such  as  the  RECLAIM 
program  in  California,  will  also  provide  incentives  to  greater  reduce  emission  levels. 

Uncontrolled  emissions  of  NOx  from  industrial  process-heating  operations  can  range  from 
100  ppm  to  well  in  excess  of  1 ,000  ppm. 

In  Canada,  the  proposed  CCME  guidelines  specify  NOx  emission  limits  for  new  fossil  fuel- 
fired  boilers  and  process  heaters.  The  NOx  emissions,  expressed  as  N02  and  in  g/GJ, 
according  to  fuel,  should  not  exceed  the  following: 


Capacity 
GJ/hr 

NOx  Emission  Limit,  g/GJ 

Gaseous 
Fuel 

Distillate  Oil 

Residual  Oil 

(<0.35% 

Nitrogen) 

Residual  Oil 

(>0.35% 

Nitrogen) 

10.5-105 

26 

40 

90 

110 

>105 

40 

50 

90 

125 

(Note:  Conversion  factor  for  natural  gas  :  1  g  NOX  /GJ  =  1 .96  ppm  NOx 
3%  oxygen) 
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4.2       NOx-Control  Strategies 

Two  basic  approaches  can  be  adopted  to  control  emissions  of  NOx: 

■  Combustion  Control  Modification  to  alter  the  combustion  process  to  prevent 
or  reduce  the  formation  of  NOx;  and 

■  Post-combustion  treatment  of  the  effluent  gases  to  destroy  NOx  and  other 
pollutants  or  to  reduce  them  to  below  allowable  limits  before  the  effluent  is 
discharged  to  the  atmosphere. 

Although  NOx  can  be  reduced  through  either  approach,  most  research  and  development 
for  the  industrial  market  focuses  on  modifying  the  combustion  process  since  this  is  cheaper 
for  an  operator. 

Combustion-Control  Modification 

Modifications  to  the  combustion  process  fall  into  three  broad  areas: 

1 .  Fuel  switching  or  mixing,  such  as  changing  from  oil  to  cleaner-burning  natural 
gas. 

2.  Modifications  to  the  combustion  process,  including  Flue  Gas  Recirculation 
(FGR),  Staged  Combustion,  Steam  Injection,  Low-NOx  Burners,  Low-Excess 
Air  (LEA),  CoFiring,  and  Rebuming. 

3.  Oxidant  switching  or  mixing,  including  oxygen  enrichment  or  oxy-fuel 
combustion  instead  of  air-fuel  combustion. 

Switching  from  coal  or  oil  to  cleaner-burning  natural  gas  is  a  cost-effective  and  simple  way 
to  reduce  NOx  emissions,  as  is  cofiring  with  natural  gas  to  reduce  emissions  of  SOx  and 
NOx. 

Common  methods  to  control  NOx  in  industrial  boilers  and  furnaces  include  FGR,  Staged 
Combustion,  Low-NOx  Burners,  LEA  and  Steam  Injection.  When  used  in  industrial  boilers 
these  advanced  technologies  can  meet  the  20-40  ppm  NOx-emission  range,  while 
achieving  thermal  efficiencies  of  over  80  per  cent. 

In  FGR,  some  of  the  flue  gases  are  returned  to  the  burner  which  reduces  the  temperature 
and  the  amount  of  available  oxygen.  The  amount  of  flue  gas  that  can  be  recirculated  is 
limited  to  about  20  per  cent,  but  FGR  can  lower  emissions  of  NOx  into  the  range  of  30-40 
ppm.  FGR  systems  have  been  retrofitted  or  installed  new  to  boilers  and  other  process 
equipment. 
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Staged-Combustion  control  technology  introduces  the  air  and  fuel  at  controlled  rates  and 
at  separate  locations  within  the  burner  to  limit  the  formation  of  NOx  .  In  the  first  stage,  fuel 
is  introduced  with  approximately  80  to  90  per  cent  of  the  required  combustion  air.  This 
results  in  a  fuel-rich,  reducing  atmosphere  which  limits  the  amount  of  oxygen  that  is 
available  to  form  NOx.  Secondary  air  is  added  downstream  of  this  initial  sub-stoichiometric 
combustion  zone  to  provide  the  remainder  of  the  air  which  is  required  by  the  combustion 
process.  New  systems  which  use  staged  combustion  can  achieve  levels  of  NOx  less  than 
25  ppm. 

Low-NOx  burners  are  becoming  more  common  on  boilers  and  some  industrial  furnace 
installations.  The  Low-NOx  burner  category  is  generally  applied  to  low-emission  burner 
technologies  which  are  based  on  control  methods  other  than  those  previously  described. 
These  burners  inherently  produce  low  emissions  of  NOx  through  design  parameters  which 
limit  excess  air,  reduce  peak  flame  temperature  and,  in  some  cases,  provide  internal  flue 
gas  recirculation  within  the  combustion  chamber.  The  levels  of  NOx  which  are  produced  are 
typically  in  the  range  of  20  to  40  ppm  and  improved  thermal  (fuel)  efficiency  also  can  be 
expected. 

The  Pyrocore  low-NOx  burner  is  a  good  example  of  a  low-NOx,  high-efficiency  (i.e.  85- 
86%)  burner  technology  for  commercial  buildings.  Consumers  Gas  recently  completed  its 
performance  evaluation  of  such  a  burner  which  was  installed  in  a  gas-fired  boiler  at  the 
company's  Victoria  Park  offices  [14].  The  burner  retrofit  lowered  emissions  of  NOx  to  less 
than  20  ppm  while  slightly  increasing  (0.6%)  thermal  efficiency.  A  more  advanced  design 
of  the  Pyrocore  burner  for  water-tube  boilers  can  achieve  emissions  of  NOx  to  below 
9  ppm.  A  high-intensity  Ultra-Low-NOx  burner  from  Aecometric  Corporation  can  achieve 
NOx  levels  below  30  ppm  at  50  ppm  carbon-monoxide  (CO)  levels. 

Many  industrial  operations  require  high  process  temperatures  which  results  in  high  flue-gas 
exit  temperatures.  This  waste  heat  can  be  recovered  from  the  flue  gases  and  used  to 
preheat  the  combustion  air.  Substantial  process  and  energy-efficiency  improvements  and 
emission  reductions  can  be  achieved.  Note  however  that  the  combustion  of  fuel  with  pre- 
heated air  requires  special  designs  of  burner  to  achieve  acceptable  levels  of  NOx. 

A  number  of  companies  offer  a  range  of  low-NOx  industrial  burners,  including  Aecometric 
Corporation,  Bloom  Engineering  Company  and  North  American  Manufacturing.  Many  of 
these  companies  offer  low-NOx  burners  which  are  designed  to  operate  using  preheated 
combustion  air  to  improve  energy  efficiency.  This  type  of  burner  has  performed  well  in 
Ontario  industry. 

The  Low  Excess  Air  (LEA)  approach  reduces  the  amount  of  combustion  air  to  levels  which 
are  just  sufficient  to  completely  bum  the  fuel  while  not  exceeding  acceptable  levels  of 
carbon  monoxide.  The  reduction  of  excess  air  also  increases  the  thermal  efficiency  and 
reduces  products  of  combustion  such  as  NOx. 


The  Steam-Injection  technique  injects  steam  directly  into  the  combustion  chamber  to  lower 
the  peak  flame  temperature  and  lower  the  production  of  thermal  NOx.  Steam  injection 
normally  is  used  in  addition  to  other  technologies  to  control  NOx  to  achieve  an  incremental 
reduction  in  emissions.  A  good  example  of  this  combination  is  a  burner  system  developed 
by  Donlee  Technologies.  This  company  has  designed  a  staged-combustion  burner  system 
to  achieve  NOx  levels  of  50  ppm  with  fuel  efficiencies  in  excess  of  84  per  cent,  or  25  ppm 
NOx  with  steam  injection  [12]. 

Submerged  Combustion  and  Pulse  Combustion  are  two  other  high-efficiency,  low-NOx 
technologies.  Miura  Boiler  manufactures  another  type  of  low-NOx,  energy-efficient  steam 
and  hot-water  boiler.  The  boiler  which  employs  an  innovative  design  based  on  pure  flame 
chilling  results  in  a  thermal  efficiency  of  85  per  cent  and  NOx  levels  of  less  than  20  ppm. 
Submerged  combustion  technology  is  being  developed  for  a  number  of  high-temperature 
industrial  processes  including  glass  production,  scrap  melting  and  waste  vitrification. 

Gas  Cofiring  (for  example  gas  and  coal)  and  Rebuming  are  advanced  technologies  which 
use  natural  gas  as  a  supplemental  fuel  to  reduce  the  formation  of  NOx.  The  natural  gas  is 
injected  at  sub-stoichiometric  conditions  either  directly  into  or  just  down-stream  of  the 
primary  combustion  zone  so  as  to  reduce  the  availability  of  oxygen.  A  significant  portion  of 
the  precursors  of  NOx  decompose  and  form  harmless  nitrogen  species.  Along  with  reduced 
emissions,  boiler  operators  will  reportedly  benefit  from  increased  efficiency  and  steam 
output,  and  reduced  maintenance  [12].  The  Gas  Research  Institute  (U.S.)  recently 
conducted  industrial-scale  cofiring  tests  in  the  United  States. 

The  Canadian  Gas  Research  Institute  in  Toronto  recently  developed  a  high-efficiency, 
low-NOx  burner  for  high  air-preheat  applications.  The  burner  can  achieve  emissions  of 
NOx  below  30  ppm  when  operating  with  pre-heat  air  at  600°C.  Process  fuel  savings  of  25 
to  40  per  cent  can  be  achieved  at  this  air-preheat  temperature  compared  with  operating 
with  air  at  20  to  25  °C,  while  maintaining  a  NOx  level  below  30  ppm.  Aecometric 
Corporation  in  Richmond  Hill,  Ontario,  is  currently  developing  an  ultra-low-NOx,  high- 
efficiency  combustion  technology  for  heat-treating  steel  and  in  other  applications.  If 
successful,  Aecometric's  technology  will  reduce  emissions  of  NOx  and  cut  fuel 
consumption  in  these  applications  by  more  than  30  per  cent. 

This  type  of  high-intensity  burner  would  be  attractive  to  oil  refining  operations  in  Ontario. 
The  technology  when  retrofitted  to  some  refinery  heating  processes  could  reduce  fuel 
consumption  and  emissions  by  more  than  20  per  cent.  Such  developments  would  also  be 
attractive  to  other  Ontario  industries  including  iron  and  steel  and  smelting  and  refining. 

Advanced  process-control  systems  also  could  be  used  to  optimize  the  performance  of  new 
and  existing  combustion  technologies.  One  recent  study  which  assessed  the  applications 
and  benefits  of  Artificial  Intelligence  (Al)  systems  in  heavy  industry  [22]  focussed  on 
intelligent  systems  which  are  aimed  at  increased  productivity,  quality  and  energy  efficiency 
in  five  industrial  sectors:  iron  and  steel,  cement,  mining  and  metallurgy,  oil  and  gas,  and 
pulp  and  paper.  The  study  showed  that  although  Al  technologies  such  as  "expert"  and 
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"fuzzy  logic"  systems  are  relatively  new  to  industry,  they  offer  attractive  solutions  for  the 
development  of  advanced-control  systems.  As  well  as  improved  productivity  and  product- 
quality,  intelligent  technologies  can  significantly  reduce  energy  use  and  emissions.  The 
study  also  found  that  Al  technologies  were  used  by  Ontario  heavy  industry  far  less  than  in 
other  parts  of  the  developed  world  such  as  Europe  and  Asia. 

Post-Combustion  Controls 

The  most  common  and  effective  post-combustion  technologies  to  reduce  NOx  are  Selective 
Catalytic  Reduction  (SCR)  and  Selective  Non-Catalytic  Reduction  (SNCR). 

Both  techniques  inject  a  chemical  reagent  such  as  ammonia  or  urea  into  the  flue  gas 
exhaust  stream  to  convert  harmful  nitrogen  oxides  into  elemental  nitrogen.  Selective  Non- 
Catalytic  Reduction  directly  injects  ammonia  into  the  high  temperature  combustion  gases 
and  the  technique  depends  on  the  temperatures  being  maintained  in  the  range  of  700  to 
1100°C.  The  Selective  Catalytic  Reduction  process  injects  into  the  exhaust  gases 
downstream  of  the  combustion  zone,  just  before  they  enter  the  catalytic  reactor.  This  allows 
the  process  to  occur  at  lower  flue  gas  temperatures  of  between  230  to  600°C.  Post- 
combustion  techniques  can  reduce  emissions  of  NOx  by  up  to  90  per  cent,  but  they  are 
expensive  to  install  and  operate.  SCR  can  reduce  levels  of  NOx  to  9  ppm. 

Further  Development  and  Demonstration 

Other  developments  which  are  underway  or  proposed  to  further  reduce  emissions  of  NOx 
and  improve  the  economics  in  boilers  which  bum  fossil  fuels  and  in  other  industrial  heating 
systems  include: 

■  Accelerated  combustion,  such  as  by  pulsating  combustion  and  flame  chilling, 
for  natural-gas  fired  boilers  can  be  used  to  achieve  NOx  levels  of  10  ppm. 
Both  of  these  techniques  appear  to  function  best  with  pre-mixed  fuel/air 
mixtures,  which  could  lead  to  near-stoichiometric  combustion  and  increased 
boiler  efficiency.  Oscillating  Combustion  (OC)  technology  which  can  be 
applied  to  high-temperature  material  processing  industries  is  another  low- 
NOx  approach  which  is  currently  being  developed.  The  technique  could 
reduce  emissions  of  NOx  by  50  to  90  per  cent  and  increase  furnace  efficiency 
or  productivity.  Submerged  Combustion  technology  is  being  developed  for 
application  in  a  variety  of  industrial  areas  such  as  the  production  of  cement 
and  glass,  scrap  melting  and  waste  vitrification. 

■  Field  demonstrations  under  industrial  conditions  to  establish  the  performance 
and  economics  of  advanced  low-NOx  combustion  technologies  which  have 
been  developed  in  Ontario  for  metal-heating  and  non-metal  heating 
applications. 

■  Computerized  control  and  monitoring  systems  such  as  "expert"  and  "fuzzy 
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logic"  systems  which  can  continuously  evaluate  input  and  output  conditions, 
and  then  make  adjustments  to  minimize  emissions  of  NOx  either  directly  or 
by  advising  an  operator.  This  further  development  and  demonstration  could 
increase  the  use  of  these  attractive  and  cost-effective  systems  in  Ontario 
industry  in  process-heating  systems  and  to  reduce  or  control  emissions. 

4.3      Oxygen  Enrichment  and  Oxv-Fuel  Combustion 

Oxygen  enrichment  increases  the  concentration  of  oxygen  in  the  combustion  air  to  greater 
than  21  per  cent.  This  increases  flame  temperature  and  decreases  nitrogen  content.  "Oxy- 
fuel"  technology  replaces  all  of  the  combustion  air  with  pure  oxygen 

Both  techniques  can  be  used  to  enhance  fuel  economy,  improve  productivity  and  reduce 
emissions  of  pollutants  [16].  Renewed  interest  in  oxy-fuel  and  particularly  oxy-gas 
combustion  in  the  past  few  years  has  been  primarily  driven  by  a  need  to  reduce  emissions 
of  NOx  from  high-temperature  operations. 

By  eliminating  or  reducing  the  heated  nitrogen,  the  amount  of  heat  which  escapes  in  the 
flue  gases  is  decreased  and  the  heat  available  to  the  process  is  increased.  This  increases 
the  thermal  efficiency  of  the  process  and  can  cut  fuel  consumption  by  more  than  50  per 
cent,  particularly  at  high  levels  of  oxygen  enrichment  and  in  processes  with  high  flue-gas 
temperatures. 

Higher  levels  of  oxygen  enrichment  can  be  used  to  substantially  reduce  nitrogen  and  flue 
gas  volumes.  This  effect  can  be  utilized  to  reduce  total  emissions  of  particulates,  corrosive 
or  toxic  substances,  and  nitrogen  oxides  [16,17]. 

Oxygen  enrichment  can  also  be  employed  to  increase  production.  Flue  gas  volume 
reduction  can  be  used  to  debottleneck  induced  draft  fans  and  flue  gas  treatment  equipment 
such  as  bag  houses. 

Enrichment  is  primarily  used  however  to  increase  the  capacity  of  the  combustion  furnace. 
As  the  rate  of  heat  transfer  is  increased,  so  is  the  furnace  load  throughput.  Industrial 
experience  indicates  that  increases  in  productivity  can  range  from  5  to  40  per  cent  or  more 
[17].  The  increased  productivity  also  raises  the  effective  furnace  capacity  which  could  allow 
capital  expenditures  to  be  saved  or  deferred. 

The  economics  of  oxygen-enriched  combustion  depend  mainly  on  the  cost  of  oxygen  and 
fuel.  The  availability  of  low-cost  oxygen  is  critical  to  the  economics  of  the  process. 
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A  variety  of  oxygen  enrichment  techniques  have  been  developed  and  introduced  into  high- 
temperature  heating  applications  over  the  past  decade  [16,17,19].  The  technical  approach 
used  in  these  systems  differs  primarily  in  the  amount  of  oxygen  which  is  used  in  the 
combustion  process  and  the  means  by  which  the  gas  and  oxygen  are  mixed.  The  various 
methods  of  oxygen-assisted  combustion  that  have  been  developed  include: 

■  oxygen/fuel  (oxy-fuel)  or  oxygen/gas  (oxy-gas)  combustion 

■  oxygen  injection  or  oxygen  lancing 

■  oxygen-enriched  combustion 

The  oxy-fuel  combustion  technology  which  has  been  most  widely  applied  to  date  is  in 
electric  arc  furnaces.  About  60  per  cent  of  all  electric  arc  furnaces  in  the  U.S.  A.  in  1989 
were  reported  to  be  using  some  type  of  oxy-gas  combustion  for  supplemental  heating.  Such 
oxy-gas  burners  can  be  designed  to  emit  NOx  at  levels  which  are  comparable  to  or  better 
than  conventional  burners.  They  also  can  be  applied  in  industries  such  as  glass  melting  and 
chemical  production,  and  in  lime  and  cement  kilns. 

Further  development  work  has  been  suggested  [15,17]  to  improve  the  performance  of 
combustion  systems  that  can  handle  oxygen-enriched  air  [OEA]  at  higher  enrichment  levels 
from  30  to  60  per  cent  02,  including: 

■  development  of  low-NOx  burners  which  are  capable  of  using  OEA  at  35  per 
cent  and  higher; 

■  demonstrations  of  technologies  to  dispel  incorrect  perceptions  relating  to  their 
performance;  and 

■  research  or  demonstrations  to  illustrate  the  performance  of  technologies 
under  industrial  conditions  in  both  metal-heating  and  non-metal  heating 
applications. 

Research  in  these  areas  must  also  be  accompanied  by  an  evaluation  of  enriched-air/fuel 
combustion  on  a  case-by-case  basis  so  as  to  maximize  the  performance  and  economics 
for  a  particular  application. 


5.        Economics  of  Advanced  Combustion  Systems 

Customers  who  are  considering  buying  new  equipment  will  look  for  technologies  that  can 
meet  regulations  for  emissions  at  low  capital  and  operating  costs.  The  estimated  cost  to 
retrofit  boilers  with  advanced  low-NOx  technology  to  achieve  acceptable  reductions  in 
emissions  of  NOx  can  range  from  less  than  $1 ,000  to  more  than  $20,000  per  tonne  of  NOx, 
depending  on  the  technology  and  the  operating  conditions  and  requirements  of  the 
application  [1,12]. 
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To  increase  the  efficiency  and  reduce  the  cost  of  removal  of  NOx,  control  technologies  can 
be  progressively  introduced.  For  example,  low  excess  air  (LEA)  would  be  the  first 
technology  employed.  If  the  level  of  NOx  cannot  be  sufficiently  reduced,  some  type  of 
staged  combustion  typically  would  then  be  applied.  The  progression  would  proceed  until 
the  desired  reduction  in  the  level  of  NOx  is  achieved  [9]. 

The  cost  to  remove  NOx  when  using  new  gas-fired  advanced  low-NOx  burners/boilers  that 
operate  at  high  fuel  efficiencies  (84-86  per  cent)  and  ultra-low  levels  of  NOx  (6-10  ppm)  are 
reportedly  less  than  $8,000  per  tonne  NOx  [12]. 

The  Management  Plan  report  of  the  CCME  [1]  estimates  "order-of-magnitude"  NOx 
emission-control  costs.  The  report  approximates  the  cost  to  retrofit  iron-and-steel  processes 
and  oil  refineries  at  about  $3,000  per  tonne  NOx  (1989  dollars). 

A  recent  study  estimated  the  costs  to  reduce  emissions  of  NOx  from  stationary  or  point- 
sources  such  as  petrochemical  producers,  oil  refineries,  primary-metal  producers  and 
power-generating  plants  in  the  Samia  and  the  Hamilton-Toronto-Oshawa  regions  [21].  Total 
emissions  of  NOx  from  plants  in  these  industrial  sectors  in  these  regions  in  1985  were 
estimated  at  54,500  tonnes  per  year.  The  study  reported  the  annual  cost  would  be  $61 .9 
million  or  $3,200  per  tonne  of  NOx  to  reduce  emissions  by  40  per  cent  or  better  at  each 
"controllable"  point-source  emitter  in  the  study  areas.  Under  a  least-cost  control  strategy, 
emissions  of  NOx  could  be  reduced  by  50  per  cent  at  a  cost  of  about  $6,800  per  tonne. 

CANMET  assessed  options  to  reduce  emissions  of  NOx  from  230  boilers  owned  and 
operated  by  the  Canadian  government  [18].  The  study  included  a  cost/benefit  analysis  and 
covered  boilers  generating  10,000  to  100,000  Ib/h  of  steam,  firing  natural  gas,  #2  oil  or  #6 
oil.  Low-NOx  burners  from  eighteen  suppliers  and  thirty  designs  of  burners  were  covered 
and  areas  for  future  research  and  development  were  identified. 

A  recent  report  prepared  by  the  Committee  for  Initiative  N306  presents  estimated  reduction 
efficiencies  and  costs  for  various  NOx-emission-reduction  options  for  conventional  boilers 
and  heaters  [9].  The  study  also  outlines  the  estimated  NOx-reduction  efficiency  and  cost 
effectiveness  for  6  technologies  including  LEA,  LNB,  Ultra  LNB,  FGR,  SNCR  and  SCR. 
Table  1  summarizes  performance  in  terms  of  reduction  efficiency  while  a  cost  comparison 
of  NOx  controls  for  new  and  retrofitted  boilers  and  heaters  is  presented  in  Table  2. 


6.       Potential  Benefits  to  Ontario 

Low-NOx,  high-efficiency  combustion  technologies  which  have  recently  been 
commercialized  or  are  being  developed  or  field-tested  in  Ontario,  the  United  States  and 
other  countries  will  greatly  benefit  the  environment  in  Ontario.  The  "NOx/VOCs 
Management  Plan,  Phase  I"  calls  for  emissions  nationally  of  NOx  and  VOCs  respectively 
to  be  reduced  by  1 1  and  1 6  per  cent.  Emissions  will  need  to  be  reduced  by  as  much  as  50 
to  75  per  cent  in  the  more  serious  ozone  non-attainment  Windsor-Quebec  corridor. 
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One  of  the  key  goals  of  the  Ontario  Smog  Plan  is  to  reduce  emissions  of  NOx  in  2015  by 
45  per  cent  from  their  1990  levels  [4].  Low-NOx  combustion  systems  are  expected  to  play 
an  important  role  in  achieving  the  NOx-reduction  goal  for  the  industrial  sector. 

There  appear  to  be  attractive  opportunities  to  cost-effectively  achieve  part  of  the  desired 
reduction  in  NOx.  For  example,  the  successful  development  and  application  of  cost- 
effective,  low-NOx,  high-efficiency  combustion  technology  and  advanced  process-control 
systems  in  Ontario  industries  such  as  steel,  metal-refining,  cement,  and  oil-refining 
industries  could  reduce  annual  emissions  of  NOx  by  at  least  2,000  tonnes  within  the  next 
decade. 

If  one  assumes  an  average  capital  cost  of  $5,000  per  tonne  of  removed  NOx  and  20  per 
cent  improved  fuel-efficiency,  the  estimated  benefits  to  Ontario  include: 

■  fuel  savings  of  6  PJ  per  year,  equivalent  to  $24  million  per  year; 

■  reduced  annual  emissions  of  2,000  tonnes  of  NOx  and  298,200  tonnes  of  C02 
(based  on  49,700  tonnes  of  COj/PJ);  and 

■  new  investment  in  Ontario  for  low-NOx  industrial-process  equipment  of  at  least 
$10  million. 

Natural  gas  burners  account  for  almost  all  of  the  320  PJ  of  natural  gas  which  is  used 
annually  by  Ontario  industry.  About  30  per  cent  of  this  is  used  in  high-temperature 
applications  [15].  Many  of  these  furnaces  are  heated  by  inefficient  natural-draft  burners, 
operate  at  substantial  excess-air  levels  (e.g.  up  to  200%  excess  air),  and  use  ambient  or 
low-preheat  air  for  combustion,  which  results  in  significant  waste  of  fuel.  Replacing  natural- 
draft  burners  with  low-NOx  burner  equipment ,  which  typically  operates  at  excess-air  levels 
of  2-5%  and  often  with  pre-heated  combustion  air,  would  save  significant  energy  through 
minimized  excess-air  use.  Assuming  market  penetration  of  20  per  cent  in  the  next  10  years 
for  these  process  applications,  an  estimated  4  PJ  of  fuel  could  be  saved  annually.  The 
payback  period  for  many  of  these  installations  would  be  less  than  two  years  and  often  could 
be  less  than  one  year. 

Such  facilities  also  represent  domestic  investment  for  low-NOx  combustion  systems  which 
are  made  in  Ontario  of  more  than  $10  million.  Export  sales  could  be  double  this  amount. 

Other  benefits  from  reduced  emissions  of  NOx  include: 

■  assisting  Canada  to  meet  its  international  obligations  on  NOx  and  greenhouse 
gas  reduction,  including  the  1988  ECE  NOx  Protocol,  1992  Rio  Accord  and  1991 
Canada-US  Air-Quality  Agreement;  and 
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■  the  creation  of  business  opportunities  and  jobs  in  Ontario  from  the  manufacture 
of  burner/boiler  equipment,  and  advanced  process  control  and 
detection/monitoring  instrumentation. 

There  will  be  a  need  for  advanced  process-control  systems  such  as  Artificial  Intelligence 
and  for  advanced  instrumentation  to  detect  and  monitor  products  of  combustion  such  as 
NOx,  CO  and  hydrocarbons.  This  area  is  an  attractive  domestic  and  export  market  for 
Ontario  entrepreneurs. 

Emerging  markets  with  good  potential  for  low-NOx  combustion  equipment  particularly 
include  those  countries  that  continue  to  rely  on  coal-combustion  technology,  such  as 
Eastern  Europe  and  China. 


7.       Stakeholders 

The  proposed  provincial  NOx/VOCs  implementation  plan  will  involve  essentially  every 
industrial  manufacturing  sector  in  Ontario.  Other  stakeholders  include: 

■  industry  associations; 

■  gas  utilities  in  Ontario; 

■  manufacturers  in  Ontario  of  industrial  and  commercial  burners,  boilers  and 
furnaces;  and 

■  manufacturers   in   Ontario   of   advanced   combustion/process   control   and 
advanced  combustion-product  detection/monitoring  equipment. 

These  stakeholders  should  be  willing  to  help  fund  monitoring  and  evaluation  of  the 
performance  of  promising  new  low-NOx,  high-efficiency  combustion  systems,  as  well  as 
assist  in  technology  transfer. 


8.       Impediments 

The  introduction  of  new  NOx-control  technologies  for  new  boilers  and  some  processes  in 
Ontario  will  follow  proposed  federal  emission  guidelines  and  a  new  provincial  NOx- 
emission  implementation  plan.  Both  initiatives  are  underway.  In  today's  economic  climate, 
many  companies  may  find  it  difficult  to  finance  this  type  of  non-productive  investment. 
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Other  significant  barriers  to  effectively  achieving  proposed  emission  reduction  targets  for 
NOx  include: 

■  lack  of  essential  information  on  advanced  and  emerging  NOx-control 
technologies,  including  realistic  assessment  of  their  economics  and  well- 
documented  case  studies  of  cost-effective  applications; 

■  lack  of  in-house  expertise  in  the  area  of  emission  control;  and 

■  lack  of  awareness  of  technologies  for  resource  conservation  and/or  their 
benefits. 

Both  the  United  States  Environmental  Protection  Agency  and  Department  of  Energy  have 
reported  that  such  barriers  represent  significant  stumbling  blocks  to  achieving  the  desired 
level  of  pollution  prevention  in  the  country  [23,24].  Governments  in  other  jurisdictions  use 
environmental  assistance  programs  for  industry  as  a  way  of  improving  economic 
development  and  industrial  competitiveness. 


9.       Conclusions 

To  achieve  the  proposed  targets  in  Ontario  for  reduced  emissions  of  NOx  from  stationary 
industrial  sources,  and  to  substantially  reduce  emissions  of  greenhouse  gases,  it  will  be 
important  to  accelerate  the  acceptance  and  use  of  new  low-NOx,  high-efficiency 
combustion  technologies. 

Significant  opportunities  exist  for  cost-effective  applications  of  these  advanced  technologies 
in  certain  sectors  of  Ontario  industry.  Improvements  in  these  industrial  process  applications 
can  potentially  boost  environmental  performance,  reduce  consumption  of  energy  and 
resources  and  cut  industry  costs. 

Stakeholder  and  other  participants,  in  plant  trials  of  new  cost-effective  combustion 
technology  can  help  speed  up  the  replication  (in  Ontario)  of  these  systems  in  a  number  of 
ways,  including: 

■  providing  realistic  and  complete  information  on  technologies,  economics,  and 
well-documented  case  studies;  and 

■  identifying  cost-effective  opportunities  for  their  application  in  Ontario. 


Prepared  by:      Paul  Bakker 

Industry  Conservation  Branch 
Ontario  Ministry  of  the  Environment 

May  7,  1997 
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1 1 .      Appendix  A:  Abbreviations  and  Glossary  of  Terms 


BTU 

British  Thermal  Unit 

CCME 

Canadian  Council  of  Ministers  of  the  Environment 

°C 

Degree  Celsius 

CO 

Carbon  monoxide 

C02 

Carbon  dioxide 

FGR 

Flue-Gas  Recirculation 

GJ 

Giga  joule  (109  joule) 

J 

joule  (the  energy  produced  by  a  power  of  one  watt  flowing  for 

one  second) 

kilotonne 

1 ,000  tonnes 

LNB 

Low-NOx  Burner 

NOx 

Nitrogen  oxides  (the  sum  of  N02  and  NO) 

03 

ozone 

PJ 

Peta  joule  (1015  joule) 

ppm 

parts  per  million 

tonne 

1 ,000  kg 

VOCs 

Volatile  organic  compounds 

Anthropogenic 

Caused  by  man's  activities. 

Boiler 

Any  combustion  equipment  fired  with  fossil  fuel,  biomass,  or 

Flue  Gas  Recirculation 


a  by-product  derived  from  fossil  fuel,  for  the  purpose  of 
generating  hot  water  or  steam. 

FGR  involves  recycling  a  portion  (typically  10-20%)  of  cooled 
and  oxygen-deficient  stack  flue  gas  back  to  the  burner  by 
means  of  an  external  fan  or  blower  to  control  NOx  formation. 


Greenhouse  gas 


Ground-level  ozone 


Heater 


Any  gas  that  absorbs  infrared  radiation  in  the  atmosphere.  A 
collective  term  for  carbon  dioxide,  carbon  monoxide, 
chlorofluorocarbons,  ground-level  ozone,  methane,  nitrogen 
oxides,  and  VOCs. 

A  colourless  gas,  formed  primarily  when  two  groups  of  air 
pollutants  -  NOx  and  volatile  organic  compounds  from 
industrial,  automobile  and  other  emissions  -  react  in  the 
presence  of  sunlight. 

Any  combustion  equipment,  fired  with  fossil  fuel,  or  a  by- 
product derived  from  fossil  fuel,  used  to  heat  material  being 
processed,  excluding  "boilers". 
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Low-NOx  Burner 


Burners  designed  to  produce  inherent  low-NOx  emissions  by 
incorporating  limited  excess  air ,  reduced  peak  flame 
temperature,  and  in  some  cases  internal  flue-gas 
recirculation  within  the  combustion  chamber. 


Rebuming 
(Fuel  Staging) 


Smog 


Staged  combustion 


Also  called  Fuel  Staging,  involves  diverting  10-20  percent  of 
the  furnace's  total  fuel  input  to  create  a  second  combustion 
zone  downstream  of  the  primary  zone.  The  second  zone  is 
operated  at  sub-stoichiometric  conditions  to  convert  NOx 
precursors  to  Uz 

A  harmful  mix  of  photochemical  oxidant  air  pollutants, 
produced  by  the  reaction  of  air  pollutants  such  as  NOx  and 
VOCs  with  sunlight,  and  inhalable  particulates. 

This  involves  introducing  the  air  and  fuel  at  controlled  rates 
and  at  separate  locations  within  the  burner  or  entire  furnace, 
to  limit  NOx  formation. 


Stakeholders 


Thermal  efficiency 


The  entities  that  will  be  affected  by  a  particular  action  or 
policy. 

Thermal  efficiency  of  a  boiler,  furnace,  or  heater  is  a 
measure  of  the  amount  of  energy  extracted  and  utilized  by 
the  system  in  relation  to  the  amount  of  energy  in  the  fuel, 
measured  at  steady-state  conditions. 
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12.       Appendix  B 


Table  1  -      Approximate  Achievable  Effectiveness  of  NOx  Control  Technologies 
(Reference  9) 


Control  Measure 

Overall  Effectiveness,  % 

Natural  Gas 

Distillate  Oil 

Residual  Oil 

Low  Excess  Air  (LEA) 

20 

18 

16 

Low  NOx  Burners  (LNB) 

-  air  staged 

-  fuel  staged 

-  Ultra  Low  NOx  Burners  (ULNB) 

-  Radiant 

50 

60 

.     75 

85 

45 
52 
74 

37 
37 
73 

Flue  Gas  Recirculation  (FGR) 

57 

49 

35 

FGR  +  LNB 

70 

60 

45 

Selective  Non-catalytic  Reduction  (SNCR) 

50 

50 

50 

Selective  Catalytic  Reduction  (SCR) 

80 

80 

90 

TABLE  2  -       Cost  Comparison  of  NOx  Controls  for  New  and  Retrofitted  Boilers  and 
Heaters  (Reference  9) 


Control 
Measure 

Capital  Cost  (K$) 

Cost  Effectiveness 
($/tonne  NOx) 

For  New 
Boiler/Heater 

For  Retrofit 

For  New 
Boiler/Heater 

For  Retrofit 

LNB 

55 

329 

309 

3821 

ULNB 

92 

367 

418 

3298 

FGR 

64 

243 

557 

3006 

SNCR 

364 

424 

5451 

7168 

SCR 

708 

1366 

3993 

9219 

Note:  Costs  are  based  on  100  MMBTU/hr  heater,  operating  at  80%  capacity  factor. 
1  MMBTU=  1  million  British  thermal  units  =  1.05  GJ. 
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READER  RESPONSE  FORM 
LOW-NOx,  fflG-EFFICIENCY  COMBUSTION  TECHNOLOGIES 

1997 


We  value  your  comments.  By  completing  this  form  you  will  help  us  increase  our  understanding  of  how  we  can 
best  utilize  valuable  resources  and  provide  more  useful  information. 

1.  Did  you  find  this  report  of  value  to  your  business  or  operation? 


2.  What  part  of  the  report  did  you  find  most  useful? 


3.  Are  there  technical  or  economic  issues  and  opportunities  not  identified  in  the  report?  If  so  please  identify. 


4.  Are  there  areas  in  the  report  we  can  improve? 


5  Any  other  comments  you  wish  to  share? 


Respondent's  name/organization/address/phone  number: 


Please  return  a  copy  of  this  Reader  Response  Form  by  Fax  or  by  mail  to  the  following  address: 

Ontario  Ministry  of  the  Environment 
Industry  Conservation  Branch 
2  St.  Clair  Avenue  West,  Nth  Floor 
Toronto,  Ontario,  M4V  1L5 

tel:  (416)  327-1253 

fax:  (416)  327-1261 

Attn.  Gabriela  Teodosiu 


